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Background: To investigate the possible roles of stem cell-related molecules 
in odontogenic tissues, the expression of sex-determining region Y (SRY)-
related high mobility group (HMG)-box 2 (Sox2) and Krüppel-like factor 4 
(Klf4) was examined in ameloblastomas and in dental follicles. 
Methods: Immunohistochemical reactivity for Sox2 and Klf4 was examined 
in 10 dental follicle and 54 ameloblastoma specimens. The association 
between these molecules and clinical variables was analyzed in 
ameloblastoma cases. 
Results: Dental follicles showed immunoreactivity for Sox2 and Klf4 
predominantly in dental lamina. In ameloblastomas, expression of Sox2 and 
Klf4 was detected in 48 of 54 cases, respectively, and was predominantly 
localized in neoplastic cells neighboring the basement membrane. Sox2 
reactivity was significantly higher in dental follicles than in ameloblastomas. 
Granular cell ameloblastomas tended to show lower reactivity for Sox2 and 
Klf4 than acanthomatous ameloblastomas. Immunoreactivity for Sox2 and 
Klf4 in ameloblastomas was slightly higher in recurrence-positive cases than 
in non-recurrent cases. 
Conclusion: Patterns of Sox2 and Klf4 reactivity in dental follicles and 
ameloblastomas suggest that these molecules might be associated with the 
regulation of odontogenic tissues. These molecules were considered to be 
correlated with cell proliferation and differentiation of odontogenic 






1. Introduction  
 
Ameloblastoma is the most common benign tumor of the odontogenic 
epithelium with various clinical and histological variations1. Ameloblastoma 
is unique among benign tumors, which is characterized by a high propensity 
for recurrence and a preponderance around the third decade of life with an 
equal gender predilection1, 2. The most common site of occurrence is the 
mandibular posterior region, followed by the maxillary posterior region. 
Ameloblastoma presents clinically as slow-growing swelling of the jaw 
without any associated pain, leading to facial deformity. Upon radiographic 
examination, radiolucency is detected based on thinning of the cortices, and 
root resorption of the associated teeth may also be observed2, 3. Histologically, 
conventional (solid) ameloblastoma shows two basic patterns, follicular and 
plexiform, and often includes cellular variations such as acanthomatous, 
granular cell, basal cell, and desmoplastic changes1, 2. Unicystic 
ameloblastoma is divided into luminal and intraluminal variations2. 
The transcription factors, sex-determining region Y (SRY)-related high 
mobility group (HMG)-box 2 (Sox2) and Krüppel-like factor 4 (Klf4), are 
important stem cell-related molecules to induce cells into pluripotent states4, 
5. Sox2 functions in maintaining the self-renewal and pluripotency in 
pluripotent stem cells6. The transcription factor expression has been 
associated with several types of neoplasms 5, 7, 8. Klf4, which is involved in 
tissue development, differentiation, and the maintenance of homeostasis, acts 
as either an oncogene or a tumor suppressor in certain types of malignancies 
5, 9-11.  
In our previous studies, some stem cell-related molecules were investigated 
in ameloblastic tumors12, 13. Other studies have revealed stem cell markers, 
including Sox2, Oct4, and Nanog, in several odontogenic tumors8, 14, 15. In the 
present study, we examined the immunohistochemical reactivity for Sox2 and 
Klf4 to investigate their possible roles in tumorigenesis and/or tumor cell 
differentiation. Furthermore, we investigated the association between the 
presence of these transcription factors and the clinical characteristics of 
ameloblastoma patients. 
 
2. Materials and methods 
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The study protocol was reviewed and approved by the Research Ethics 
Committee of Tohoku University Graduate School of Dentistry (No. 2018-3-
9). We explained the aims and design of the study to the patients and obtained 
their consents. 
 
2.1. Sample preparation 
Biopsy and extirpation tissues were obtained from 54 patients with 
ameloblastoma at the Department of Oral and Maxillofacial Surgery, Tohoku 
University Hospital, from 2010 through 2019. The patients with 
ameloblastoma ranged from 12 to 85 years old (mean: 43.3 years old); 30 were 
men and 24 were women. Overall, 47 tumors were located in the mandible 
and 7 were in the maxilla. Seven patients had a recurrence during the study 
period. 
Tissue samples were fixed in 10% buffered formalin for several days, 
embedded in paraffin, and sliced into 4-µm-thick sections. The sections were 
subjected to routine hematoxylin and eosin staining, and subsequent 
immunohistochemical examinations of Sox2 and Klf4 expression. The 
specimens were diagnosed as 44 solid and 10 unicystic ameloblastomas 
according to the World Health Organization histological classification of 
odontogenic tumors2. The solid ameloblastomas were classified into 27 
follicular and 17 plexiform types, which included 12 acanthomatous, 3 
granular cell, 7 basal cell, and 5 desmoplastic subtypes. The unicystic 
ameloblastomas were classified into 6 luminal and 4 intraluminal types. 
Specimens from 10 dental follicles of the mandibular third molars were 
similarly prepared and compared with ameloblastomas.  
 
2.2. Immunohistochemistry  
The sections were deparaffinized with xylene and rehydrated in a graded 
alcohol series. The sections were then immersed in methanol with 0.3% 
hydrogen peroxide. They were heated in 0.01 M citrate buffer (pH 6.0) for 
Sox2 staining or ethylenediaminetetraacetic acid buffer (pH 9.0) for Klf4 
staining for 10 min by autoclaving (121C, 2 atm). The sections were then 
incubated with rabbit polyclonal antibodies against Sox2 (Merck, Darmstadt, 
Germany; purified IgG; diluted at 1:200) and Klf4 (Abcam, Cambridge, UK; 
purified IgG; diluted at 1:100) overnight at 4C. Subsequently, the sections 
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were incubated with the secondary antibody (Histofine Simple Stain MAX-
PO; Nichirei, Tokyo, Japan) for 45 min, followed by incubation with 0.03% 
3,3-diaminobenzidine solution containing 2 mM hydrogen peroxide. Finally, 
the sections were lightly counterstained with Mayer’s hematoxylin. As a 
control, the serial sections were treated with phosphate-buffered saline and 
normal rabbit IgG instead of the primary antibodies and were confirmed to 
be unstained. 
 
2.3. Evaluation of immunostaining and statistical analysis 
Immunohistochemical reactivity for Sox2 and Klf4 was evaluated and 
classified into three groups: (–) negative in epithelial or neoplastic cells; (+) 
partly positive in epithelial or neoplastic cells positive in less than 90% of 
epithelial or neoplastic cells; and (++) mostly positive in epithelial or 
neoplastic cells positive in greater than equal to 90% of epithelial or 
neoplastic cells (Fig. 1). 
All statistical analyses were performed using JMP Pro software (version 
15.0; SAS Institute, Cary, NC, USA). The immunohistochemical and 
clinicopathological data were examined by the Mann-Whitney U test for 
differences between two groups or with the Kruskal-Wallis test for differences 
among three or more groups. P-values less than 0.05 were considered to 




3.1. Sox2 and Klf4 immunoreactivity 
Immunohistochemical reactivity for Sox2 and Klf4 in dental follicles and 
ameloblastomas is summarized in Table 1. Sox2 and Klf4 were localized 
predominantly in the nuclei of odontogenic epithelial cells and relatively 
rarely in fibroblasts of dental follicles and ameloblastomas (Figs. 2–4).  
In dental follicles, immunohistochemical reactivity for Sox2 and Klf4 was 
detected in dental lamina (Fig. 2a, b, Table 1). Ameloblastomas exhibited 
Sox2 immunoreactivity in 48 of 54 cases and exhibited Klf4 immunoreactivity 
in 48 of 54 cases, predominantly in columnar or cuboidal cells neighboring the 
basement membrane as well as in fewer polyhedral cells detected from the 
basement membrane (Fig. 2c–f, 3, and 4; Table 1). Immunoreactivity for Sox2 
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was significantly higher in dental follicles than in ameloblastomas (Table 1). 
Keratinizing cells in acanthomatous ameloblastomas and granular cells in 
granular cell ameloblastomas were negative for Sox2 and Klf4 (Fig. 3a–d). 
Sox2 reactivity in acanthomatous ameloblastomas was significantly higher 
than that in granular cell ameloblastomas (Table 1). Basal cell 
ameloblastomas and desmoplastic ameloblastomas showed positive and 
negative nests for Sox2 and Klf4 stainings (Fig. 3e-h). In unicystic 
ameloblastomas, neoplastic cells that lined the cyst wall and that protruded 
into the cyst wall were reactive for Sox2 and Klf4 in various degrees (Fig. 4). 
 
3.2. Correlation between clinical variables and immunohistochemical 
reactivity for Sox2 and Klf4 in ameloblastoma cases 
The association between clinical characteristics and Sox2 or Klf4 expression 
in ameloblastoma cases is summarized in Table 2. There was no significant 
association of clinical variables such as age group, gender, tumor location, and 
the presence or absence of recurrence with the degree of 




Stem cells are undifferentiated cells capable of both self-renewal and 
producing numerous differentiated cell types16. Regulated movement of stem 
cells is critical for the establishment of individual organs and tissues during 
developmental processes, including tooth development17. Sox2 expression in 
the odontogenic epithelium8, 18 and Klf4 expression in odontoblasts as well as 
ameloblastomas19, 20 have been described to have roles in tooth formation. In 
the present study, immunohistochemical reactivity for Sox2 and Klf4 was 
found predominantly in dental lamina included in dental follicle tissues in all 
examined specimens, suggesting that these stem cell-related transcription 
factors might contribute to regulation of cell stemness of odontogenic 
epithelium required for tooth development. 
Sox2 is a major transcription factor that is required for maintaining 
pluripotency and self-renewal capacity6. In lung squamous cell carcinoma, 
frequent gene amplifications of the 3q26.3 region, within which the Sox2 gene 
lies, effectively characterize Sox2 as an oncogene, and Sox2 overexpression 
also activates cellular migration and growth21. Klf4 is an evolutionarily 
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conserved zinc finger transcription factor that regulates various functions 
such as cell growth, proliferation, differentiation, and embryogenesis9. Klf4 
also plays an important role in tumorigenesis and has been proposed to have 
both tumor suppressive and oncogenic functions9-11. We investigated the 
profiles of these stem cell-related molecules in ameloblastoma samples using 
immunohistochemistry. Ameloblastomas exhibited Sox2 reactivity in 48 of 
the 54 cases and exhibited Klf4 reactivity in 48 of the 54 cases. Various 
amounts of neoplastic cells were positive for these molecules, and the 
reactivity was localized mainly in neoplastic cells neighboring the basement 
membrane. These features suggest that the transcription factors Sox2 and 
Klf4 are possibly involved in the regulation of neoplastic cell behaviors in 
ameloblastomas, such as proliferation and differentiation. Additionally, Sox2 
and Klf4 immunoreactivity was slightly lower in ameloblastomas than in 
dental follicles. Neoplastic cells in ameloblastomas were considered to be 
more differentiated than dental lamina in dental follicles, which might 
contribute to tumorigenesis of odontogenic epithelium. 
In the present study, immunohistochemical reactivity for Sox2 and Klf4 
tended to be slightly higher in follicular type than in plexiform type. These 
features suggest that these stem cell-related molecules are associated with 
the cell differentiation and tissue architecture of ameloblastomas. In 
ameloblastoma subtypes, granular cell ameloblastomas tended to show lower 
immunohistochemical reactivity than acanthomatous ameloblastomas. 
Neoplastic cells without granular change in granular cell ameloblastomas 
were thought to be differentiated rather than neoplastic cells without 
keratinization in acanthomatous ameloblastomas. Other subtypes in solid 
ameloblastomas or unicystic ameloblastomas did not show a prominent 
difference in Sox2 or Klf4 reactivity. 
A previous study of Sox2 and Klf4 in oral squamous cell carcinoma has 
revealed no significant difference according to age, gender, or tumor site5. 
Similarly, Sox2 and Klf4 expression in ameloblastomas did not show a 
significant correlation with age, gender, or tumor location. Data from 
previous studies have shown that Sox2 and Klf4 expression is associated 
with a poor prognosis such as metastasis to the lymph nodes or distant sites 
and the five-year disease-free survival rate5, 7, 10, 11, 22. It has been reported 
that the local recurrence rate is significantly increased in ameloblastoma 
showing immunoreactivity for proliferative cell marker Ki-6723, 24. The 
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present correlation analyses showed a tendency for higher expression of 
Sox2 and Klf4 in recurrence-positive cases than in recurrence-negative 
cases, suggesting that Sox2 and Klf4 might be an effective prognostic 
marker for patients with ameloblastoma. 
 
5. Conclusion  
 
Patterns of Sox2 and Klf4 reactivity in dental follicles and ameloblastomas 
suggest that these molecules might be associated with the regulation of 
odontogenic tissues. These molecules were considered to be correlated with 
cell proliferation and differentiation of odontogenic epithelium and might 
contribute to tumorigenesis or disease prognosis. 
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Fig. 1. Evaluation of immunohistochemical staing. 
(–) negative in epithelial or neoplastic cells. 
(+) partly positive in epithelial or negative cells positive in less than 90% of 
epithelial or neoplastic cells. 
(++) mostly positive in epithelial or neoplastic cells positive in greater than 
equal to 90% of epithelial or neoplastic cells. 
 
Fig. 2. Immunohistochemical reactivity for Sox2 and Klf4 in dental follicles 
and solid ameloblastomas. 
(a, b) Dental follicles showing mostly positive Sox2 reactivity (a) and partly 
positive Klf4 reactivity (b) in the dental lamina. 
(c-f) Follicular and plexiform ameloblastomas showing mostly positive Sox2 
reactivity (c, e) and partly positive Klf4 reactivity (d, f) in neoplastic cells.  
(magnification, 200×). 
 
Fig. 3. Immunohistochemical reactivity for Sox2 and Klf4 in solid 
ameloblastoma subtypes. 
(a, b) Acanthomatous ameloblastomas showing Sox2 reactivity in sporadic 
neoplastic cells except for keratinizing cells (a) and in most neoplastic cells 
except for keratinizing cells (b). 
(c, d) Granular cell ameloblastomas showing Sox2 reactivity in sporadic 
neoplastic cells except for granular cells (c) and Klf4 reactivity in no 
neoplastic cells (d). 
(e, f) Basal cell ameloblastomas showing Sox2 and Klf4 reactivity in sporadic 
neoplastic cells. 
(g, h) Desmoplastic ameloblastomas showing Sox2 and Klf4 reactivity in 
sporadic neoplastic cells. 
(magnification, 200×) 
 
Fig. 4. Immunohistochemical reactivity for Sox2 and Klf4 in unicystic 
ameloblastomas. 
(a, b) Luminal type showing Sox2 and Klf4 reactivity in most 
ameloblastomatous lining neoplastic cells. 
(c, d) Intraluminal type showing Sox2 and Klf4 reactivity in sporadic 
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